Introduction
The back-reflection Laue technique is widely used for the orientation of single crystals. From the Laue-grams obtained, one can have a first look at the crystallinity of a material. Moreover, the simplicity of the experimental equipment is an advantage in the initial characterization of any crystal prepared by any method of growth.
Nevertheless, obtaining the orientation of a crystal is a costly process and the work is traditionally done by skilled people. In this case, the solution of an experimental Laue-gram is obtained using the Greninger net for angular measurements and by the Wulff procedure in the case of spot indexing (Cullity, 1978) . It would be useful to have a simulated Laue-gram for a material, which could be used to index any experimental spot that appears. Krahl-Urban, Butz & Preuss (1973) were the first to produce computer simulations of some Laue patterns and developed an atlas that contains different orientations for known elements and compounds (Krahl-Urban, Butz & Preuss, 1974) . Cornelius (1981) introduced the calculus for simulations, which takes into account the relative intensities, following the idea of Preuss (1979) , but which in general contains several approximations. © 1994 International Union of Crystallography Printed in Great Britain -all rights reserved Christiansen & Gerward (1989) improved the simulation of Laue-grams by the indexing of the strongest spots that were produced by the characteristic lines of the material used as a source.
The preceding simulations allowed the indexing of planes by comparison between experimental and simulated Laue-grams. Nevertheless, other methods for indexing have been proposed, which can be summarized as follows:
(i) Huang, Christensen & Block (1971) , Lisb6a & Edwards (1973 ), Ploc (1978 and Riquet & Bonet (1979) compared the angle of the vector of the reciprocal lattice with the one generated by the experimental Laue-gram. The best procedure was the one developed by Riquet & Bonet, later applied by Laugier & Filhol (1983) , which is nowadays available on the market (ORIENTEXPRESS; Cyberstar S. A., 15 Avenue des Martyrs, BP85X, 38041 Grenoble CEDEX, France).
(ii) Hart & Rietman (1982) and Fewster (1984) have compared the angles of the zone axis measured in the experimental Laue-gram with the angles of the real lattice. By this method, one can try to reduce the computing time; nevertheless, a large input of data and the identification of the zone axis in the experimental Laue-gram, which is not always obvious, are necessary.
One can improve the calculation of the orientation by use of a least-squares method, following Laugier & Filhol (1983) , even obtaining an orientation with an error of 0.01 ° by the use of a suitable detector (Reid, 1993) .
Nevertheless and in spite of the large efforts made in simulation and indexing, a complete development of the procedure has never been produced.
For this reason, the aim of this work is to present the whole procedure for programming the equations involved in the simulation and indexing of Laue-grams, which will be a useful tool for everyone working with single crystals. In the present work, these algorithms have been sucessfully applied to LiNbO3 crystals.
Owing to present developments in personal computing, both simulation and indexing programs can be easily used, even using a high-level language such as Microsoft Q-Basic. For the program developed in this work, an IBM 486 computer has been used (Laboratorio de Crecimiento de Cristales, Universidad Aut6noma Madrid), the hard-copy diagrams being produced with a 300 × 300 dpi HP-PCL4 printer. At the same time, the program was successfully checked using a Compaq 386 computer with mathematical coprocessor of the Instituto de Ciencias de Materiales del CSIC.
It must be pointed out that, in the computational procedure for the Laue simulation, the calculation of the spot intensities has not been taken into account. The factors that affect the spot intensities will be discussed in a subsequent paper.
Model of Laue-gram simulation
The adjacent planes that exist in a crystal structure are defined by the Miller indices h, k and I. In real space, they are the planes that go through the points defined by the vectors at/h, a2/h and a3/h, a!, a~ and a:~ being the vectors of the direct lattice (Cullity, 1978) .
In this way, as shown in Fig. 1 , after obtaining a vector n normal to each of the planes (hkl), one can get the direction of any reflection (V,) as the rotation by 180 ° of a vector (V,) antiparallel to the incident direction, taking the normal vector as the rotation axis.
In order to find the normal vector of the planes (hkl), one can use either geometrical considerations or the reciprocal lattice of the crystal. For the reciprocal-lattice vectors b~, b2 and b:~, defined classically as
where V is the volume of the direct lattice, the normal vector is obtained as n = hb! + kb, + Ib:~.
In order to get the cross point of the reflected beam on the detector, it is necessary to find the intersection between the line that contains the vector obtained after the rotation and the plane where the film is located. This point is a function of the distance and the angle between source, sample and film.
The Laue technique is based on the geometry shown in Fig.  2 , where a reference system is fixed for the goniometer that contains the sample (O;X,Y,Z) and for the film (O';X',Y'). The flow chart for simulation of a Laue model is shown in Fig. 3 , which follows the steps described below:
n ¢
(1) In the reference system (O;X,Y,Z), one puts the direction of the incident radiation along the OX axis.
(2) In this reference system, one estimates the coordinates of the direct-lattice vectors at, a2 and a3, shown in Fig where al is in the OX direction, a2 is in the plane XY and a3 is in the OZ direction (Cornelius, 1981 (4) In a general way, to locate any vector (a, b, c) in the positive direction of the OX axis, it is necesary to rotate this vector by the angles e~' and fl' in relation to the OY and OZ axes, as shown in Fig. 5 . This rotation must be done in the order a', fl' (Winter, 1992) : 
(6) Finally, one estimates the intersection point (:r', y') in the reference system (O';X',Y'), between the projection of the former vectors (C'lh, c.~k, c.~/) and the film. In the back-reflection Laue geometry, for a given distance D between the sample and the film, the coordinates are given by x' = Dc'~/c'11 ' and y' = Dci~t/c"lh .
One must take into account: (i) the equivalent Miller indices, which must be eliminated because the coordinates of these planes (n,h,nk,rd) coincide in the film and thus they must be considered fictitious, of nth-order diffraction.
(ii) the destructive interference that appears depending on the kind of Bravais lattice (Pickworth & Trueblood, 1985) In the model used to consider the intensities, these last conditions would be included in the structure factor. Fig. 6 shows the experimental and simulated Laue-gram for an LiNbO3 single crystal, grown by the Czochralski method, with the experimental conditions described elsewhere (Santos, Rojo, Arizmendi & Di6guez, 1994) . From this figure, one can see the agreement between the two. Nevertheless, a perfect correspondence is not possible; one must bear in mind that in the simulated Laue-gram (i) the maximum Miller index is 12 2  3  1  -4  -4  3  13  -2  -11  -6  4  11  2  -13  -6  5  13  -2  -11  6  6  11  2  13  6  7 12 -1 -11 10 8 11 1 -12 10 9 12 -3 -9 12 10 9 3 -12 12
Results of simulation
and (ii) we have not taken into account the factors that affect the spot intensities. By using the algorithm of simulation in an interactive way, all the experimental spots in the Laue-gram could be identified. Table 1 presents the indexing of ten experimental spots shown in Fig. 6(a) . It is worth noting that, owing to the maximum index selected, spots 3-6 in the experimental Laue-gram do not appear in the simulated one.
In summary, the algorithm proposed gives at least the tools for everyone working with single crystals: the theoretical simulation of the experimental Laue-gram and the indexing of any spot that appears in the experimental Laue-gram with a known orientation.
Indexing model
For indexing of any Laue model, a method similar to the one proposed by Riquet & Bonet (1979) was used. Fig. 7 shows the flow chart, of which we consider the following steps:
(1) From the coordinates x' and y' of several experimental spots that are to be indexed, two are selected with low Miller indices, recognizable because they are formed by a large number of hyperbolas. Then, one estimates the angle between the vector antiparallel to the X-ray beam, (1,0, 0), and the normal vector that creates the selected spot. To solve this problem, one calculates the bisecting vector (a, b, c) between (1,0,0) and the vector whose projection creates the experimental spot of coordinates (x', y'). This latter vector is given by (1, x'/D, y'/D) , where D is the distance between sample and film.
Generally, we call (a,,, b,,, c,, ) the normal vectors originated from the n experimental spots, where n = 1 and n = 2 are the two fundamental ones selected. By means of a dot product, one estimates the angle 0 between the normal vectors of the planes (al, bl, el) and (a2, b2, c2) that produce the two fundamental spots.
(2) The next step is to estimate the angle ~ between each pair of planes (h~kill) and (h2k212). When the angles 0 and have a maximum angular tolerance for a pair of normal vectors belonging to two given planes, these normal planes are rotated by the angles c~' and/3' in order to give the position of the first t ! fundamental spot. That it is to say, (a'h~, b~.l, c~) = (a~, bl, c~).
(3) With the rotation axis as the vector in the position (al, bl, Cl) , the second vector (a~2 , b~.2, ctt2) is rotated in order to locate it in the position of the Laue model (a~, b2, C2), as is shown in Fig. 8 . In this way, if the angle ¢ between (a2, b2, c2) and (a~2, b~.2, e~12) is known, the angle of rotation ~ is given by qo = 2 arcsin { sin ¢/2 sin [(~r -¢) / 21 sin 0 }, Calculation of the vector that bisects the previous one and the vector antiparallel to the incident radiation (a,,, b,,, c,, ) Calculation of the normal vectors of the previous planes a',.,. t,'~,, c' ,,),~,. /3,(a,, b,. c,) Yes (4) Finally, for the remaining vectors (a~, b~, c~) with i = 3 to i = n, one goes the opposite way, that is, one makes a rotation of -cp with respect to (al, bl, cl) the process is iterative, a new pair of planes is selected and the process is repeated from step 2. Fig. 9(a) shows an experimental Laue-gram of an unknown orientation of an LiNbO3 single crystal, with the same experimental conditions as Fig. 6(a) . To proceed with the indexing of the Laue-gram, one selects several spots (spots 1 to 6), considering spots 1 and 2 as fundamental, according to the rules discussed above. Then, by introducing into the algorithm the indexing data of Table 2 , the program will give several solutions, as shown in Table 3 . Finally, by use of the simulation algorithm discussed previously, the simulated Laue-gram is obtained, as shown in Fig. 9(b) . This simulated Laue-gram corresponds to all indexing solutions presented in Table 3 --1376 10 -2 1 1 0 1 -2 1 0 1 -2 1 0 1 1 -2 0 -1 1 0 1 0 -1 1 1 1 -1 0 -1 0 1 -1 -1 -3 3 0  0  0 -3 3  0  3 -3 0  0  0 3 -3  0  -4 3 1  2  1 -4 3  2  3 -4 1 -2  1 3 -4 -2  -3 2 1  2  1 -3 2 -2  2 -3 1  2  1 2 -3  2  -532  4  2 -52  -4  3 -52  -4  23 -5 -4  -624 -5 4 -62 -5 2 -64 5 42 -6 5 -1367-10 7 -136-10 6-137 10 76-13 10 1 1 -2 0 I 0 -I 1 3 0 -3 0 3 1 -4 2 2 I -3 -2 3 2 -5 4 2 4 -6 -5 6 7 -13-10 the symmetry involved. Also in Table 3 are shown spots A and B, which were not used as the input data and which support the general rule that any experimental spot can be indexed.
Results of indexing
In summary, the simulation model will give the solutions used in the algorithm for indexing and, by comparing experimental and simulated Laue-grams, one can predict all the experimental spots and consequently the orientation of the sample. With the data, one can easily obtain the rotation angles ~' and f4' needed to obtain any orientation.
Concluding remarks
This work presents the expressions for the algorithms and develops the procedure to get a simulated Laue-gram for any material. This program has been used succesfully for several materials and applied in this work to LiNbO3 crystals. Moreover, the spots of an experimental Laue-gram have been indexed, showing the angles by which one must rotate the crystal to get an orientation. Therefore, the results of both simulation and indexing are useful tools for anyone involved in the growth and characterization of single crystals. Nevertheless, it must be pointed out that this work does not show the factors that modify the spot intensities in an experimental Laue-gram. Those results will be presented soon.
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